2+ -Mg 2+ -dependent ATPase of sarcoplasmic reticulum (SR) was investigated with a rapid mixing quench-flow apparatus capable of measuring phosphorylation and dephosphorylation at times as rapid as 4 msec. The rates of formation and decomposition of the phosphorylated intermediate (E ~ P) of the Ca 2+ -Mg 2+ -ATPase were studied in the pH range between 7.6 and 6.0. At pH 6.8, the rates of formation of the phosphorylated intermediate of the Ca 2+ -Mg 2+ -ATPase of sarcoplasmic reticulum are the same (ti /2 = 10 msec) for cardiac and skeletal sarcoplasmic reticulum preloaded with calcium, but decrease as the pH is lowered. The effect of acid pH (6.0) is more pronounced for cardiac sarcoplasmic reticulum (ti /2 = 47 msec) than for skeletal sarcoplasmic reticulum (ti/2 = 17 msec), in agreement with studies showing that acidosis has a more pronounced effect on cardiac muscle than on skeletal muscle. In addition, a decrease in pH results in a decrease in the rate of the E ~ P decomposition step (the slowest step in the SR reaction sequence). The E ~ P decomposition half-lives were observed to be 97 and 77 msec, respectively for cardiac and skeletal SR at pH 6.8. At pH 6.0, the half-lives were increased to 136 and 178 msec for cardiac and skeletal SR, respectively.
SINCE the original observations by Gaskell (1880) , the negative inotropic effect of acidosis on heart muscle has been well recognized and studied by many investigators. Katz and Hecht (1969) suggested that acidosis might be a cause for the decrease in contractility observed during ischemia, perhaps by directly affecting the binding of calcium to contractile proteins. Another interesting finding is that the effects of varying the pH on contraction seem to be more pronounced in cardiac than in skeletal muscle (Pannier and Leusen, 1968; Pannier et al., 1975) . Tsien (1976) , in reviewing the literature on the effects of acidosis on cardiac contraction, emphasized that acidosis depressed the calciumactivated tension. In a broad range of pH, acidosis decreases both the maximal and submaximal tension developed in skinned cardiac cells (Schadler, 1967) and in whole rat ventricle (Kohlhardt, 1976) . This work was supported by grants from the American Heart Association with funds contributed in part by the Southwestern Ohio Chapter (FM and EGK), by National Institutes of Health Grants HL-26049 (FM) and PO1-HL-22619-IVA (AS); and by Research Career Development Awards to F.M. (HL-00789) and EGK (HL-00775). Angela Grassi de Gende was a Fellow of Consejo Nacional de Investigaciones Cientificos y Tecnias, Republica Argentina.
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Received September 21, 1981; accepted for publication October 30, 1981. More recently, Fabiato and Fabiato (1978) proposed that the more pronounced depression of cardiac contraction compared to skeletal muscle contraction is due to a more alkaline optimum pH for the calcium-loading process of the sarcoplasmic reticulum (SR). They showed that, during acidosis, calcium release was depressed in cardiac muscle but was only slightly affected in skeletal muscle.
It is well established that muscle contraction and relaxation is regulated by the concentration of calcium ions inside the cell which is in turn regulated by the SR. In addition, for cardiac muscle, transsarcolemmal calcium fluxes may be important (Caroni and Carafoli, 1981) . The sequestration of calcium by SR is regulated by the activity of an ATPdependent calcium pump which binds and transports calcium from the sarcoplasm to the interior of the sarcotubular network. The characteristics of this Ca 2+ -Mg 2+ -ATPase (E) can be represented by the following reaction sequence: _ +2Ca
2+ " " +ATP .no • (1) + Ca 2 -E S cheme I (4)
Pi
As presently understood, 2 mol of calcium and 1 mol of Mg-ATP are reversibly bound to 1 mol of calcium ATPase (E) on the external side of the SR membrane where a complex is formed. Hydrolysis of this phosphorylated intermediate provides the energy utilized by the active transport step (against a concentration gradient as great as 3000:1) which "translocates" the calcium-enzjgae complex to the luminal side of the membgRne. After calcium is released, the enzyme is dephosphorylated, inorganic phosphate (PO is released, and the "unloaded" enzyme made available for the next transport step.
The E ~ P decomposition step (step 4) is generally thought to be the slowest in the reaction sequence; however, we have shown (Sumida et al., 1978) that the calcium-binding step is also slow, particularly in the case of cardiac SR. We have been especially interested in this step (step 1) for three reasons: (1) it is almost as slow as the E ~ P decomposition step in cardiac SR and thus partially rate limiting; (2) in addition to step 4, this step has been found to be significantly different in cardiac SR than in skeletal SR; (3) it seems to be quite sensitive to perturbation by external agents such as cAMP-dependent protein kinase (Kranias et al., 1980) . The second and third steps in the reaction mechanism are known to be very fast (Sumida et al., 1978) .
In this study, we report the effect of pH on the pre-steady state kinetics of the Ca 2+ -ATPase system. We have examined the effect of pH on the rate of calcium binding to SR (step 1); the E ~ P formation steps (2 and 3) and the E ~ P decomposition step (4). Our data indicate that steps 2 and 3 are not significantly affected by pH, whereas both the calcium-binding and E ~ P decomposition steps are markedly depressed under acidic conditions. In addition, the depression of the rate of E ~ P formation is much more pronounced in cardiac SR than in skeletal SR.
Methods

Materials
Biochemical reagents were of "chemical pure grade" and were purchased from Sigma. Disodium ATP was purchased from Boehringer Manheim, and [y-32 P]ATP, ammonium salt (10-40 Ci/mmol), was purchased from New England Nuclear.
Preparation of SR Vesicles
SR vesicles from dog cardiac and rabbit skeletal muscle were prepared as previously described (Sumida et al., 1978) . For cardiac SR, the last (143,000 g) centrifugation step was repeated once. We found that this extra step resulted in an almost 5-fold decrease in lysosomal contamination. This method gave higher yields, activity, and greater stability of the SR preparations than our previous technique (Harigaya and Schwartz, 1969) .
Purity of the SR Vesicles
To check the contamination of intracellular organelles and sarcolemma in the SR preparations, we examined several enzyme markers in the whole homogenate and various fractions of the preparation. Ouabain binding was used to detect the presence of sarcolemmal fragments, acid phosphatase estimated lysosomal contamination, and cytochrome c oxidase detected mitochondrial membranes. Ouabain binding was less than 10 pmol/mg for both cardiac and skeletal SR. Mitochondrial contamination was 2% for skeletal SR and 3-8% for cardiac SR. Lysosomal contamination was 0.3 ±0.1 pmol/mg per hr for skeletal SR and 0.4 ±0.1 pmol/ mg per hr for cardiac SR.
General Procedure for Transient State Kinetic Studies
Rapid mixing experiments were performed using a previously described chemical quench flow apparatus (Froehlich et al., 1976; Sumida et al., 1978) . The device is equipped with four syringes and three mixers, which allows up to two substrates to be consecutively combined with the enzyme before the reaction is quenched.
For the E ~ P formation study, two sets of experiments were performed. In the first set the SR (~1.2 mg/ml concentration) was preincubated with a Ca 2+ -EGTA buffer calculated (as described below) to contain 14 pM free calcium. The standard vehicle solution for the SR and substrate contained 0.1 M KC1, 3 HIM MgCl 2 , 5 mM NaN 3 , and 20 mM Trismaleate (pH 7.6, 6.8, or 6.0). After 10-15 minutes of preincubation, the SR solution was loaded into the first syringe and was mixed in a 1:1 ratio with the solution in the second syringe containing 20 JUM [y-32 P]ATP (0.1-0.2 juCi/nmol ATP) and 14 /IM free calcium. The reaction was quenched at various times ranging from 4 to 200 msec. The quenching solution, in this third syringe, consisted of 9% perchloric acid and 20% polyphosphate. A schematic diagram of this set of experiments, which will be referred to as starting with "calcium-bound" SR, is shown in Figure 1A .
In a second set of experiments, which will be referred to as starting with "calcium-free" SR, the SR was preincubated (10-15 minutes) in the vehicle solution described above except that 200 /*M EGTA was present and no exogenous calcium was added. This SR preparation, which contained very little bound calcium, was then mixed in a 1:1 ratio with the solution in the second syringe containing 20 JUM ATP (including [y-32 P]ATP) and the calculated amount of calcium (200 JUM CaCl 2 at pH 6.8) that would yield a 14 /IM free calcium solution in the presence of 200 JUM EGTA. After various time intervals, the reaction was quenched, as described above, by perchloric acid. A schematic diagram of this set of experiments is presented in Figure IB . The temperature was maintained at 20°C by a constant-temperature circulator. The concentration of free Ca 2+ was adjusted by a Ca 2+ -EGTA buffer system as described below. The pH was checked 6.8, or 6.0) . Inner diameter and length of capillaries between mixers are variable. before and after the SR was mixed with the ATP and was found to vary less than 0.05 pH unit.
For the isolation of phosphorylated enzyme (E ~ P), a constant volume (1.8 ml) of the assay solution was pipetted, stored in ice with 0.5 ml of carrier protein (1 mg/ml of skeletal SR), and centrifuged at 3000 rpm (Beckman RJ-6) for 5 minutes. The supernatant was discarded and the pellet was washed three times with 3 ml of washing solution containing 3% perchloric acid, 0.1 mM P ; , and 5% polyphosphate. The final pellet was dissolved in 1 ml of 10 mM NaOH and 0.1 mM Pi and mixed in 9 ml of Aquasol II (New England Nuclear) for 32 P counting in a Packard scintillation counter. The zero time blank was prepared by mixing the enzyme with perchloric acid prior to the addition of ATP and was subtracted from each sample.
In the phosphoenzyme decomposition experiments, SR preincubated with 14 /XM Ca 2+ was mixed with 20 HM [y-
32 P]ATP as described above. The reaction was allowed to proceed for 116 msec at pH 6.0 or pH 6.8 prior to being mixed with 6 mM EGTA (2 mM final), again at pH 6.0 or 6.8, to prevent further phosphorylation of the enzyme. The resultant mixture was then quenched with 9% perchloric acid and 20% polyphosphate at variable time intervals after EGTA addition. The amount of phosphorylated enzyme (E ~ P) present then was assayed as described above.
Calculation of Free Calcium Concentration
In these experiments, 100 /XM EGTA (final concentration after mixing) and different concentrations of CaCl 2 were included in the quench-flow solutions in order to obtain the stated free calcium concentrations. The amount of Ca 2+ bound to the EGTA at each pH was calculated from the pH of the medium, the pK a values of EGTA, and the absolute association constants for the formation of CaEGTA complex from EGTA 4 " and HEGTA 3 ". A computer program written for a Hewlett-Packard 9820A was used.
The stability constants proposed for CaEGTA can be separated into three groups (Fabiato and Fabiato, 1978) ; (1) those close to the values of Schwarzenbach et al. (1957) , (2) those close to the values of Ogawa (1968) , and (3) those values reported by Allen et al. (1977) . The different values of pCa obtained by using different equilibrium constants for EGTA are discussed by Fabiato and Fabiato (1978) The computer program calculated the total concentration of Ca required to obtain a free calcium concentration of 14 JUM at various pH's in the presence of 3 mM total Mg and 10 /IM total ATP.
Results
The Effect of pH on Cardiac SR Preincubated with Ca
2+
In several experiments, lowering the pH of dog cardiac SR preincubated with calcium from 7.6 to 6.8 resulted in a small, but consistent decrease in maximum E ~ P formed (at 50 msec) by cardiac SR. A representative time course is shown in Figure  2 . There is also a slight increase in ti /2 , the time required to reach half-maximal E ~ P levels. However, a further lowering of the pH from 6.8 to 6.0 results in a large, qualitative change in the E ~ P formation curve. At pH 6.0, the characteristic overshoot of the high pH curves disappears and ti /2 increases from 10 ± 1 msec at pH 6.8 to 47 ± 3 msec at pH 6.0 (Fig. 2) .
Normalization of the Rate of E ~ P Formation
The amount of E ~ P (nmol/mg SR) formed as a function of time varies from preparation to preparation. In order to facilitate the comparison of experiments performed with different SR preparations, the E ~ P formation curves were normalized with respect to their E ~ P maxima. The E ~ P maxima varied from 0.3-0.6 nmol/ mg and 0.8-1.2 nmol/mg for cardiac and skeletal SR, respectively. The normalized curves for 10 different skeletal and cardiac preparations pre-incubated with calcium (pH 6.8) are shown in Figure 3A . It is emphasized that the shape of the curves remains the same from preparation to preparation, independent of the maximum E ~ P that is formed, and that the initial phases (0-50 msec) of cardiac and skeletal curves are very similar (if not identical) (Fig. 3A) . Thus, for every SR preparation, a standard E ~ P curve at pH 6.8 was constructed, and the results of the experiments using that preparation were then normalized with respect to the maximum E ~ P of the standard curves. Both skeletal and cardiac (E P ) max curves are qualitatively different at pH 6.0 (Fig. 3B ) than the respective curves at pH 6.8 (Fig.  3A) . The overshoot is no longer observed and the ti/2 of the skeletal SR increases from 10 to 17 msec, while the ti /2 of cardiac SR increases from 10 to 47 msec, illustrating the greater sensitivity of cardiac SR to acid pH (Fig. 3, A and B 
The Effect of pH on SR Preincubated with EGTA
The difference between the rates of E ~ P formation of Ca 2+ -free SR and SR preincubated with Ca 2+ is indicative of the time required for calcium to bind to the SR (Scheme 1). The rates of E ~ P formation of Ca 2+ free SR at pH 6.0 and 6.8 are very similar to each other and to that of Ca 2+ preincubated SR at pH 6.0 (Fig. 4A) . This is consistent with a mechanism whereby lowering the pH causes the equilibrium of the first step of the reaction given by Scheme 1 to be shifted to the left. However, although the effect of pH is qualitatively the same for skeletal and cardiac SR, it is less pronounced for skeletal SR than for cardiac SR (Fig.  4B) .
The Effect of pH on SR Containing Only Endogenous Calcium
To eliminate the possibility that our results may have been due to the effect of pH on the CaEGTA buffer, a set of experiments with SR containing neither EGTA nor exogenous calcium were carried out. The endogenous calcium present in the SR preparation (~20 nmol total calcium per mg SR, as determined by atomic absorption spectroscopy) was sufficient to allow the reaction to proceed. The E ~ P formation curves obtained for both cardiac and skeletal SR were very similar to those obtained with the calcium EGTA buffer system. Lowering the pH from 6.8 to 6.0 resulted in a decrease in the overshoot and a decrease in the rate of E ~ P formation (data not shown). Thus, the results are not affected by the EGTA buffer system. ] from 14 JUM to 56 JUM at pH 6.0 produces an overshoot and significantly increases the rates of E ~ P formation. Furthermore, the E ~ P formation curve at pH 6.0 and 56 juM free calcium is very similar to the E ~ P formation curve at pH 6.8 and 14 juM free calcium.
The Effect of Incubation Time
To determine whether the effect of pH was due to a time dependent change in the SR, we kept skeletal SR at pH 6.0 for a minimum length of time and started the transient-state experiment within 3-5 minutes after mixing the SR and the pH 6.0 buffer. The results of this experiment were compared with results obtained using a sample of the same SR preparation kept at pH 6.0 and 20°C for 1 hour. There was no significant difference between the two experiments, indicating that the changes due to pH occur in less than a few minutes. Also, SR was preincubated at pH 6.8 for up to 2 hours and no significant time-dependent difference in the E ~ P formation curves was observed.
A sample of dog cardiac SR was preincubated at pH 6.0 for 1 hour and the pH then was raised to 6.8. Another sample of the same dog cardiac SR was preincubated for 30 minutes at pH 6.8. The rates of E ~ P formation were determined subsequently, using the quench-flow apparatus. There was no significant difference between the E ~ P formation curves of the two SR samples, indicating that the effect of pH is reversible (Fig. 6 ).
The Effect of pH on the Rate of E ~ P Decomposition
The rates of E ~ P decomposition were examined for dog cardiac and rabbit skeletal SR at pH 6.0 and was preincubated at pH 6.8 for 30 minutes before being used; O: SR was preincubated atpH 6.0 for 1 hour before thepH was raised to 6.8; this latter SR was then assayed for E ~ P formation on the quench-flow at pH 6.8. Figure 7 . The disappearance of E ~ P for both cardiac and skeletal SR is linear for the first 100 msec, and then it exhibits a second slower phase. We have found that the decomposition rates of the first phase are 7.1 ± 0.8 sec" 1 and 5.1 ± 0.9 sec" 1 for dog cardiac SR at pH 6.8 and 6.0, respectively. The corresponding rates for rabbit skeletal SR are 9.0 ± 1.0 and 3.9 ± 1.25 sec" 1 respectively. Thus, a drop in pH slows down the initial E ~ P decomposition rate for both cardiac and skeletal SR. 
A semilogarithmic plot of the data is shown in
Discussion
The fall of intracellular pH that occurs when the myocardium becomes ischemic is probably sufficient to account for the reduced strength of myocardial contraction (Poole-Wilson, 1975a , 1975b Steenbergen, et al., 1977) . However, it is uncertain whether acidosis is the major or sole cause of the early loss of myocardial function in ischemia, as suggested by Katz and Hecht (1969) and by Tennant (1935) , or whether other factors such as metabolic products (Whitmer et al., 1978; Idell-Wenger et al., 1978) may also play an important role. While the exact mechanism by which acidosis alters myocardial contraction is unclear, several effects undoubtedly are important factors (Schadler, 1967; Williams et al., 1975; Kentish and Nayler, 1977) . It is known that a drop in pH affects, in a negative way, mitochondria (Kitizawa, 1976) , the myofibrillar ATPase (Chesnais et al., 1975) , and the binding of Ca 2+ to troponin C (Robertson, et al., 1978a (Robertson, et al., , 1978b ; reduces the "slow" inward calcium current (Chesnais et al., 1975) and "total" cellular calcium (Morgenstern et al., 1972; Langer and Poole-Wilson, 1977) ; alters the binding of calcium to the sarcolemma (Williamson et al., 1975; St. Louis and Sulakhe, 1976) and modifies the uptake of Ca 2+ by the SR (Nakamura and Schwartz, 1972; Kitizawa, 1976; St. Louis and Sulakhe, 1976; Sorenson and de Meiss, 1977) .
In order to understand the mechanisms by which myocardial function is reduced during ischemia, it is necessary to determine the magnitudes of the intracellular pH changes. Unfortunately, the measurement of intracellular pH is fraught with difficulties and is especially difficult when changes in cell structure and metabolism are occurring during ischemia (for a discussion of techniques and difficulties associated with the measurement of intracellular pH, see Poole-Wilson, 1978) . In spite of the uncertainties, the technique of nuclear magnetic resonance spectroscopy has recently revealed a pH of around 7.0 in living heart which is similar to that of skeletal muscle. The intracellular pH of ischemic myocardium is somewhat more uncertain (see Table IV of Poole-Wilson, 1978) ; estimates range as low as 5.7 (Jacobus et al., 1977) . In a careful 32 P-NMR study, Garlick et al. (1979) reported a pH of 6.2 in the globally ischemic rat heart. Such a fall in pH would certainly be sufficient to cause a significant reduction in mechanical function (Cingolani et al., 1970; Katz, 1977) .
In the present studies we have focused on the effect of pH on the rate of formation and decomposition of the E ~ P on the SR. The data show that the rate of E ~ P formation is significantly reduced by acid pH and that this decrease is more pronounced in cardiac than in skeletal SR. This decrease in rate can be attributed to a decrease in the affinity of the external calcium-binding site of the SR for calcium (Meissner, 1973; Verjovski-Almeida and de Meiss, 1977) . Thus, at pH 6.8, 14 JUM free calcium is sufficient to saturate the enzyme with calcium, whereas at pH 6.0, the enzyme's affinity for calcium is decreased to such an extent that the enzyme is essentially calcium free. The first step in the reaction mechanism of sarcoplasmic reticulum (Scheme I) can be represented by the following expanded scheme: , and ATP to enzyme preincubated with 200 fiM EGTA results in an intermediate E ~ P formation curve suggesting the presence of E* (unpublished observations). Since the on rate of Ca 2+ to a calcium-binding site is generally diffusional, the relatively slow (millisecond time range) change that is observed is probably due to a conformational change after the Ca 2+ is bound to the enzyme. After this conformational change occurs, MgATP binds to the enzyme and E ~ P is formed. Based on our experimental observations, pH affects this slow conformational change.
Since the half-time of E ~ P formation for enzyme saturated with calcium (E-Ca 2 ) does not change with pH, steps 2 and 3 of scheme I must be independent of pH for both cardiac and skeletal SR. These findings are in agreement with the recent observations of Scofano et al., 1979 , who studied the effect of pH on the rates of E ~ P formation of skeletal SR. However, those authors did not examine the effect of pH on cardiac SR or on E ~ P decomposition rates.
It is not unusual that the ATPase molecule, a large part of which is situated on the outside of the SR membrane (Tada et al., 1978) is indeed susceptible to the drastic changes in pH that occur in the cytosol during episodes of ischemia. Furthermore, since the binding of calcium to proteins generally is via oxygen-atom coordination, the presence of positively charged hydrogen ions would be expected to affect the calcium-binding affinity. Decreased calcium affinity implies that the ratio of the forward rate constant to the backward rate constant has decreased, resulting in slower turnover of the enzyme. The physiological consequence is that, at low pH, the slower enzyme turnover would result in slower calcium uptake and, thus, a slower rate of muscle relaxation.
Thus, these results indicate that a drop in pH such as may occur in myocardial ischemia signifi-316 CIRCULATION RESEARCH VOL. 50, No. 2, FEBRUARY 1982 cantly slows E ~ P formation and decomposition of cardiac SR. The retardation of these two slow steps may be one of the contributing factors to the loss of myocardial function observed in ischemia. It is reasonable to assume that a diminution of the calcium pump leads to a lowering of calcium in the SR that is subsequently available for release during the contraction cycle, resulting in a diminished force of contractility. Our data are consistent with this point.
The more pronounced effect of acidity on the E ~ P formation rate of cardiac SR as compared to skeletal SR is consistent with the observed experimental behavior of cardiac and skeletal muscle (Fabiato and Fabiato, 1978) . Using skinned skeletal and cardiac muscle fibers, the Fabiatos found that acid pH depressed the rate of calcium loading and that this was more evident in cardiac than in skeletal SR. The difference between cardiac and skeletal SR is due, we feel, to a difference in structure of the calcium-binding site. Our results indicate that, although acid pH results in a greater percentage decrease in E ~ P decomposition rates for skeletal SR (57%) than for cardiac SR (28%), the decomposition rates are not markedly different at pH 6.0. Thus, the observed differences in the contractile behavior of the two muscles would seem to be due to the effect of pH on the rates of E ~ P formation. Although differences in phospholipids have not been ruled out, Nakamura et al. (1976) and Hidalgo et al. (1976) showed that, although E ~ P decomposition was sigificantly influenced by the composition and state of the protein-bound annular phospholipids, E ~ P formation was not affected. Verification of this hypothesis will have to wait for the purification and sequencing of the cardiac and skeletal Ca 2+ -Mg 2+ -ATPases.
